Objective-Endovascular coiling is often performed first by placing coils along the aneurysm wall to create a frame and then by filling up the aneurysm core. However, little attention has been paid to quantify this filling strategy and to see how it changes for different packing densities. The purpose of this work is to analyze and quantify endovascular coil distribution inside aneurysms based on serial histological images of experimental aneurysms.
INTRODUCTION
Endovascular coiling is often performed first by placing coils along the aneurysm wall to create a frame for succeeding coils that fill the aneurysm core. [1] [2] [3] [4] [5] This aneurysm filling approach from the aneurysm periphery to its core is called by some clinicians as "cocooning" occlusion technique. [1] Although this filling approach is a common clinical practice, little attention has been paid to corroborate the actual distribution of inserted coils, but most importantly, to quantify it and to see how it changes when different amount of coils are added.
The importance of studying and understanding coil distribution has to do with the posttreatment hemodynamics inside the aneurysm and ultimately in the treatment success. Previous studies reported that the hemodynamic changes after endovascular coiling depend on coil distribution inside the aneurysm. [6] [7] [8] [9] Moreover, computational models of fluid flow with coils, which can predict the post-treatment hemodynamics, require this information to properly and accurately model the presence of the devices. [10] [11] [12] The use of current clinical imaging techniques, such as magnetic resonance, computer tomography or digital subtracted angiography, is limited to study coil distribution. These modalities are only used to evaluate the level of aneurysm occlusion, [13] but cannot discriminate the location of individual coils inside the aneurysm. However, histological images of coiled aneurysms can provide this information. The use of induced aneurysms in animals is a feasible option to obtain such images, since they overcome the difficulties of having access to ex-vivo human aneurysm samples and, when adequately processed, distortion or destruction of the sliced tissue can be prevented. [14] [15] [16] Additionally, induced aneurysms in rabbits are similar in morphology and hemodynamic conditions to saccular cerebral aneurysms in humans, which allow us to extrapolate our findings to human aneurysm cases. [17] The purpose of the study was to analyze and quantify coil distribution inside aneurysms using histological images of experimental coiled aneurysms. For this evaluation, the aneurysm cavity was partitioned in the longitudinal and radial orientation.
MATERIALS AND METHOD

Aneurysm Creation and Embolization Procedure
Ten New Zealand White rabbits went through a protocol approved by the animal institutional review committee at the Mayo Clinic, Rochester, Minnesota for creation of elastase-induced aneurysms followed by coil embolization. Aneurysms were created by ligation of the stump of the right common carotid artery. [15] They were allowed to mature for at least three weeks prior to embolization. [18] Aneurysms were treated with standard platinum coils as dense as possible. Before sacrifice, animals were kept alive for more than two weeks after coiling.
Tissue-Processing Procedure
Animals were deeply anesthetized and sacrificed to get access by surgery to the coiled aneurysms. Specimens were removed and immediately fixed in 10% neutral-buffered formalin for at least 24 hrs. They were then dehydrated in an ascending series of ethanol, cleared in xylene, and embedded in paraffin. Using a slow-speed diamond saw (Isomet, Beuhler, IL), 1000µm-thickness sections of the aneurysms were extracted. These sections were oriented according to the aneurysm longitudinal axis and perpendicular to the neck. Afterwards, coils were manually removed and aneurysm sections were sliced at 7µm-thickness intervals following previous cut plane. This procedure has been previously implemented and guarantees little or no distortion of the samples. [16] Details of this process can be found elsewhere. [14] [15] [16] A total of 17 histological images were used in this study (figure 1). For nine cases, a histological image crossing the aneurysm center was available. For six of them, a total of seven additional images away from the center were included. For last case, only an image away from the aneurysm center was available. These additional images away from the aneurysm center were included to analyze if coil density and distribution change between cut planes of the same aneurysm.
Image Processing
To evaluate coil distribution, qualitative observations and quantitative measurements were performed. For qualitative assessment, the images were visually inspected. For quantitative evaluation, the images were processed as follows.
Each image was manually processed to characterize and quantify its coil distribution. The images were processed in three steps. First, coils were manually segmented (figure 2B). Second, the aneurysm region containing the coils was delineated creating a closed area (blue contour in figure 2C ). We refer to this region as the total aneurysm area. Finally, the aneurysm longitudinal axis (green line in figure 2C ) was created by identifying the aneurysm fundus (point f) and neck (point n) on the delineated contour.
After manual processing, coil density in A T was measured and denoted as total in-slice coil density ρ T . Coil density is defined as the ratio between the area occupied by coils and the total area of the region:
The aneurysm cavity was partitioned and evaluated in two ways: along its longitudinal axis, from aneurysm neck to fundus, and along its radial axis, from aneurysm periphery to its core. Both partitions generated independent regions, which were defined as follow:
Longitudinal partition: divides the aneurysm cavity into three regions along the longitudinal axis. These regions were constructed by dividing equally the longitudinal axis and were called fundus, dome and neck ( figure 2D ). The in-slice coil density of each region was calculated using equation 1 and normalized by ρ T . The normalized densities of fundus, dome and neck were denoted as ρ F , ρ D and ρ N , respectively.
Radial partition: It separates the aneurysm cavity into its periphery and core. The region within one coil diameter from the aneurysm contour was considered as the periphery, and the remaining area as the core ( figure 2D ). In-slice coil densities at peripheral and core regions were calculated using equation 1 and normalized with ρ T . These normalized densities were denoted as ρ P and ρ C for peripheral and core region, respectively.
Differences between region densities were assessed with statistical tests. A Friedman's 2-way ANOVA by rank test was used to compare ρ F , ρ D and ρ N , while a Wilcoxon matchedpair signed-rank test was performed to compare ρ P and ρ C .
Intra-and inter-observer variability on ρ T was quantified for both coil segmentation and aneurysm delineation. For this quantification, one observer segmented and delineated all images twice to assess intra-observer variability. Inter-observer variability was evaluated by comparing the segmentation and delineation performed by two observers of all images. The manual processing was performed independently.
RESULTS
Qualitative evaluation
From the visual inspection of the histological images (figure 3), three aspects can be highlighted. First, the aneurysm core presented large voids in some cases and coils were usually touching the aneurysm wall. Second, most coils were transversely cut resulting in circular or nearly-circular shapes. Few elongated shapes (partially longitudinal coil cuts) were visible, especially in histological samples taken from the aneurysm center. Third, from aneurysms with multiple images, it was observed that coil distribution can change from one cut plane to another.
Quantitative evaluation
After analyzing all histological images, a mean ρ T of 22.0% ± 6.2% was found, with a minimum of 10.1% and maximum of 30.2%. Figure 3 shows color maps of in-slice coil densities for the regions in both partitions of five images (three aneurysms). All images presented a higher ρ P than ρ C . Additionally, figure 3A and 3e show a homogeneous distribution of the coils (near one) along longitudinal axis with high ρ T (>20%). Figure 3D has a heterogeneous distribution (low ρ N ), even though it has high ρ T . When comparing images of same aneurysm, we observed that ρ T can be very similar between cut planes (case #5 in figures 3D and 3E) or can change (case #4 in figures 3B and 3C). Figure 4A depicts box plots of the normalized densities per each region. Each histological image was considered to be independent from the rest of the samples as the density depends on both coil configuration and choice of cut location. Figure 4B shows the relationship between peripheral-core density ratio and ρ T . This ratio was inversely proportional to ρ T (R 2 =0.57, p<0.001). For low ρ T (<15%), the peripheral-core density ratio tends to be greater than 2.0 while for ρ T around 30%, the ratio is close to 1.0.
Statistical results
The Friedman's 2-way ANOVA test showed that the differences among ρ F , ρ D and ρ N were not statistically significant (p=0.465). Wilcoxon matched-pair signed-rank test reported that the difference between ρ P and ρ C was significant (p<0.001).
Intra-and Inter Observer variability
Mean ρ T differences due to intra-observer variability was 0.96% ± 1.16%, ranging from 0.28% to 1.40%. Mean ρ T differences due to inter-observer variability was 1.01% ± 1.00%, ranging from 0.05% to 0.41%.
DISCUSSION
In this work, we analyze and quantify coil distribution in saccular aneurysms using histological images to better understand this endovascular treatment. Images were obtained from elastase-induced saccular aneurysms in rabbits. These images were analyzed by partitioning the aneurysm along its longitudinal and radial axis and comparing the in-slice coil density at each region. There are three main findings.
First, coils tend to be located near aneurysm periphery when ρ T is low (<20%). This finding confirms that the first coils produce a frame (or basket) attached to the aneurysm wall, and coils added later fill the aneurysm core. [1] [2] [3] As ρ T increases, the peripheral-core density ratio decreases until it is close to one (figure 4B). This means that when more coils are added, the radial distribution tends to be more homogeneous.
Previous studies have shown that high packing density leads to better aneurysm stability after endovascular coiling. [19] [20] [21] [22] These results might be explained by the homogeneous coil distribution that was found at high ρ T (>25%) in this work. A homogeneous coil distribution is more likely to create a stable mechanical structure inside the aneurysm that successfully blocks and redirects the blood flow towards the parent artery. On the contrary, for low packing densities, where coils mainly lay on the aneurysm wall, leaving a hollow core, the coil structure may form a weak block against the blood flow. This hollow core at low packing densities cannot be visualized with current modalities of medical imaging. Nevertheless, this hypothesis needs to be confirmed by study the long-term treatment outcomes.
Second, densities on the longitudinal axis (fundus, dome and neck regions) were not found to be significantly different (p-value=0.465, Friedman's test), indicating that coils are homogeneously distributed along the aneurysm main axis.
Third, we observed that different histological images of the same aneurysm do not necessarily show similar ρ T and coil distributions. This suggests that the characterization of in-slice coil density and distribution of a sole aneurysm should not rely on a single slide of histology, as it has been previously proposed and implemented. [23] It has been indicated that the coil distribution inside aneurysms is random due to the limited control that clinicians have on coil deployment, and also that the distribution could be more homogeneous or uniform for certain coil shapes. [3] [4] [5] Although this "randomness" during coil deployment, our findings demonstrate that first the aneurysm periphery is filled up with coils and then its core, and also we provide evidence that coils tend to be equally distributed in the longitudinal orientation. These results clarify how coil are distributed inside the aneurysm in both axes, but most importantly, a quantification of in-slice coil density and distributions was provided.
This quantification is valuable to understand the differences that can occur among regions inside the aneurysm cavity but also it can be used to validate computational models of coils and blood flow. [10] [11] [12] The computational models need to know how coils are distributed to properly simulate the post-treatment hemodynamics inside the aneurysm. Similarly, the use of histological images and the followed methodology can be adapted to assess the porosity and strut distribution of both stents and flow diverters, and to compare it with their effect on thrombotic occlusion. [24, 25] Recently, in-slice coil density was calculated to assess coil distribution in a similar way but in silicone coiled aneurysm models. [26] There, the authors used slices of the aneurysm dome and neck that were partitioned in angular regions to assess coil distribution. A coil uniformity index was implemented and defined as inversely proportional to the standard deviation of the in-slice coil density at each angular region. They found that a particular coil shape design has a significant higher uniformity index than the other two tested coil designs. Our results confirm this finding, since they also reported that the highest packing densities were achieved with that particular coil design. Nonetheless, this uniformity index is a relative measurement among tested coil designs. This work has several limitations. First, the proposed methodology includes manual image processing (coil segmentation and aneurysm delineation), which introduce observer variability to our results. However, intra-and inter-variability was assessed and was not enough (around 1%) to alter our main findings and conclusions. Second, coils were removed from samples for cutting purposes, and the cast of coils induced uncertainties in some location during coil segmentation. To overcome this issue and thereby to avoid the inclusion of false-positive segmented coils, the images with doubtful coil locations were discarded from our analysis. Third, the number of cases was limited to 10 aneurysms and might not cover all possible sizes and aneurysm anatomies. Still, the number of histological images was larger (17 images) and covers a wide range of ρ T (from 10.1% to 30.2%). Fourth, although it has been indicated that elastase-induced aneurysms in rabbits are qualitatively and quantitatively similar to those seen in large numbers of human cerebral aneurysms, [17] caution has to be taken when extrapolating our findings from experimental animal aneurysms to human cases.
CONCLUSIONS
In this work, the coil density and distribution inside the aneurysm were analyzed and quantitative evaluated using histological images of elastase-induced saccular aneurysms in rabbits treated with endovascular coils. We observed that coils are homogeneously distributed along the aneurysm longitudinal axis. Additionally, the results show that coils tend to be located near aneurysm periphery when in-slice coil density is low (<20%). As inslice density increases, the peripheral-core density ratio decreases until it is close to one for high in-slice coil density (around 30%). This finding confirms that first coils produce a frame for succeeding coils, but also it shows that as the packing density increases, the radial coil distribution tends to be homogeneous. Color maps of normalized coil densities for five histological images (three aneurysms). 
